An endoscopic confocal microscope requires a high-performance, miniaturized microscope objective. We present the design of a miniature water-immersion microscope objective that is approximately 10 times smaller in length than a typical commercial objective. The miniature objective is 7 mm in outer diameter and 21 mm in length ͑from object to image͒. It is used in a fiber confocal reflectance microscope. The miniature microscope objective has a numerical aperture of 1.0, a field of view of 250 m, and a working distance of 450 m. It delivers diffraction-limited performance at ϭ 1064 nm. Micrometer-level resolution has been experimentally demonstrated.
Introduction
We present the design of a high-numerical-aperture ͑high-NA͒ diffraction-limited miniature microscope objective that is part of a fiber confocal reflectance microscope ͑FCRM͒ system. 1 The miniature microscope objective is approximately 7 mm in outer diameter and 21 mm in length ͑measured from the object plane to the image plane͒. The dimension is an order of magnitude smaller than that of a standard microscope objective. Miniaturization is needed for the intended application of imaging the oral cavity and the uterine cervix in vivo to detect cancer and precancer lesions in the epithelium. FCRM is a reflectance-based system that uses the index-ofrefraction mismatch between a cell's nucleus and its cytoplasm to generate an image. The cell's nucleus has a higher index-of-refraction than the surrounding cytoplasm. Light will be reflected from the nuclei-cytoplasm interfaces, and nuclei will appear to be bright in the image. Where there are no nuclei, no light will be reflected, and those regions will appear dark in the image. The reflection-generated image shows morphological features of cells. By examining the elements of the cell morphology, such as density, size of cell nuclei, and nuclear-to-cytoplasmic ratio, one can determine their normality. 2 For example, for normal tissue the nuclear-to-cytoplasmic ratio is approximately 1:5, whereas for abnormal tissue the ratio approaches 1:1. 3 The refractive-index mismatch between the nucleus and the cytoplasm is approximately ⌬n ϭ 0.05; this difference can be increased to approximately ⌬n ϭ 0.07 by the application of a weak acetic-acid solution. 3 Refractiveindex mismatches of ⌬n ϭ 0.05 yield a low reflected signal; the reflectance is approximately 0.034% if one assumes Fresnel reflection at normal incidence. In addition, reflected light suffers further loss as a result of scattering and absorption by the tissue. The amounts of scattering and absorption loss depend on the depth of the object plane. 4 Low reflectance, scattering loss, and absorption may result in very low signal. Therefore the miniature microscope objective must be designed to maximize signal collection and minimize background radiation.
Fluorescence-based fiber confocal microscopes that use miniature microscope objectives with moderate NA have been designed and studied by several groups of researchers. Gmitro and Aziz reported a NA ϭ 0.5 microscope objective design that consists of optical elements with 5-mm diameter. 5 Knittel et al. reported a NA ϭ 0.5 microscope objective design constructed with only 1-mm-diameter optical elements. 6 Although NA ϭ 0.5 is an acceptable value for a fluorescence-based fiber confocal system, it is not suf-ficient for a reflectance-based fiber confocal system. For a reflectance-based fiber confocal system the signal level from biological tissues is approximately 3-4 orders of magnitude less than the signal from a perfect reflector. 7 More significantly, a reflectancebased fiber confocal system cannot readily suppress unwanted stray reflections with filters. Therefore a large-NA miniature microscope objective is needed to collect more signal.
Reflectance-based fiber confocal microscopes need to effectively suppress noise in the form of background radiation that results from stray reflections. The dominant source of noise is the specular reflection from the two terminal faces of the fiber bundle ͑see Fig. 1 ; approximately 4% reflectance from each face͒. The two fiber faces are conjugate to the image plane, so reflections from these surfaces will appear focused on the image plane and will completely overwhelm the signal; therefore these reflections need to be suppressed. Suppression is achieved by application of index-matching oil in the space adjacent to both fiber faces. Because of the index-of-refraction difference between the fiber core and cladding as well as the index inhomogeneity across the entire fiber bundle, specular reflection cannot be completely eliminated. Approximately 0.0025% reflectance still remains from each terminal face of the fiber bundle. The resulting signal-to-noise ratio depends on the depth of the object plane. If the object plane is near the top surface of the tissue, the ratio is approximately 2. 1, 4 In addition to suppressing specular reflections from two fiber faces, the optical design needs to avoid surfaces on which the marginal ray is near normal incidence because these surfaces will generate strong background signal. In addition, antireflection coatings are applied to all the lens elements to reduce Fresnel reflections and in turn further reduce the background radiation. For monochromatic systems, antireflection coatings can readily reduce the reflectance below 0.5% per surface.
We briefly review the FCRM system in Section 2. A detailed discussion of the design of the miniature microscope objective is given in Sections 3 and Section 4. Section 3 is devoted to establishing the objective's design requirements. In Section 4 we describe the objective's optical design. Testing of the miniature microscope objective and imaging results are discussed in Section 5.
Fiber Confocal Reflectance Microscope System Overview
A FCRM can be used to detect precancerous lesions in the oral cavity and in the cervix by confocal imaging in vivo. An optical section obtained with a FCRM shows morphological features that can be used to determine a cell's normality. A FCRM can operate as an endoscope with the aid of a miniature microscope objective. The layout of the FCRM is shown in Fig. 1 . The FCRM is a monochromatic, epiilluminated point-scanning optical imaging system that operates in the near infrared ͑ ϭ 1064 nm͒. The FCRM's confocal nature is created by a coherent fiber bundle, in which each fiber within the coherent fiber bundle acts as a point source and an exit pin- hole. A FCRM operates at a frame rate of 15 frames͞s. One can image different depths within the tissue sample by pulling the tissue toward or away from the miniature microscope objective, using a hydraulic-pressure system. 8 The focus of this paper is on the design of the miniature microscope objective and not on the entire FCRM. A detailed description of the FCRM, including the illumination system, the scanning system, intermediate optics, electronics, and image processing, was given previously. 1, 4 
Design Requirements for the Miniature Microscope Objective

A. Numerical Aperture Considerations
The miniature microscope objective delivers illumination from the coherent fiber bundle into the tissue and then collects reflected light and focuses it back onto the fiber bundle. The miniature microscope objective is a water-immersion objective in object, or tissue, space and an index-matching-oil-immersion objective in image, or fiber, space. The NA of the miniature microscope objective in image space is NA image ϭ 0.3. NA image matches the acceptance NA of the fibers in the bundle. At the operating wavelength of ϭ 1064 nm the Airy disk diameter for NA ϭ 0.3 is 4.3 m, which is approximately the same size as the fiber core ͑4.1 m͒.
The NA in object space determines the resolution limit of a diffraction-limited optical system for a given wavelength. For the FCRM system presented in this paper the lateral resolution is limited by the fiber spacing. However, it is still desirable to have a large NA and diffraction-limited performance. The large NA enables the microscope objective to collect more light reflected from the tissue. Diffraction-limited performance allows the microscope objective to couple the reflected light into the core of a single fiber at a time, thus maximizing image contrast. Considering these requirements and considering the design complexity associated with large-NA optical systems, we decided on a value of NA object ϭ 1.0 in object ͑i.e., tissue͒ space. This choice of NA object determines the transverse magnification of the miniature microscope objective, i.e., m obj ϭ Ϫ3.33. The transverse magnification and the fiber spacing, approximately 7 m, determine the lateral sampling distance of the FCRM system according to
B. Pupils at Infinity
The miniature microscope objective is required to be doubly telecentric. It must be telecentric in tissue space so light reflected from the tissue will be transmitted back to the same fiber that delivered the illumination without vignetting. It needs to be telecentric in fiber space to achieve a high coupling efficiency across the entire coherent fiber bundle. If the telecentricity condition is not met in fiber space, the principal ray will not be parallel to the optical axis of each fiber. Consequently, coupling efficiency will decrease and contrast will be reduced toward the edges of the field of view.
C. Field of View
The 
D. Object-Space Index-of-Refraction Variation
When the FCRM is imaging the surface of the tissue, the entire object space is filled with saline solution that has an index of refraction n Х 1.33. The exact index will depending on salt concentration but will not be less than 1.33. When the FCRM is imaging an optical section, object space consists partially of saline solution and partially of tissue. Index variation in tissue ranges from an index of refraction of n ϭ 1.36 ͑cytoplasm͒ to n ϭ 1.43 ͑nuclei͒. 9 In addition, the index of refraction of tissue varies with depth and also from person to person. Depending on the depth of interest, the miniature objective will see an average object-space refractive index ranging from n ϭ 1.33 when the surface of the tissue is imaged to ϳ n ϭ 1.37 when the imaged optical section is 200 m below the tissue surface. An index-of-refraction variation of this magnitude can degrade the image quality for a large-NA optical system if it is not considered during the design process. 10 
Optical Design
A. Design Process
The miniature microscope objective is a finiteconjugate optical system. Both the object and the image are located at a finite distance from the objective, and both are real. The design approach used here is to divide the miniature microscope objective into two halves. Each half is designed separately and forms a separate optical system. Each halfsystem forms an image of an object at infinity. One half-system's image space is filled with saline solution. That half-system has an image space NA ϭ 1.0 with its stop aperture located on the inside surface of the meniscus lens ͓see Fig. 2͑a͔͒ . The other halfsystem's image space is filled with index-matching oil. That half-system has an image-space NA of 0.3, with its stop aperture located approximately 3 mm outside the system ͓see Fig. 2͑b͔͒ . The FOV diameters of the two halves are related to each other by the ratio of their NAs. In effect, the miniature micro-scope objective is designed first as two separate, infinity-corrected objectives.
Once both half-systems are well corrected for aberrations over their respective FOVs, they can be combined to construct the entire miniature microscope objective. The sizes of the pupils of the two half-systems must be the same, and the pupil positions need to be matched when the two halves are combined. Designs formed through this approach can be simplified, their performance improved, or both through further optimization. This opportunity derives from the fact that it is not necessary that both halves be well corrected for aberrations independently but rather that the aberration introduced by each half cancel the other out.
B. Final Design Form
Using the design approach described above, we obtained an eight-lens miniature-microscope-objective design. The design meets all the requirements described in Section 3, and it has an optical clearaperture diameter of only 4 mm for its largest lens. All the optical surfaces are spherical. Figure 3͑a͒ shows the optical layout of the final design. Figure  3͑b͒ shows a photograph of the fabricated and assembled miniature microscope objective. Optical elements are encased in a brass barrel. Brass was used because it can be blackened so it does not need to be anodized; an anodization layer could affect the diameter tolerance on the mechanical housing. The outer diameter of the barrel is approximately 7 mm. The finished objective in the photograph has been placed next to a U.S. penny and a U.S. dime to demonstrate its relative size.
The Figure 4͑b͒ shows the distortion plot. Distortion increases with field position and is approximately 0.03% at the edge of the field. For an image height of h' ϭ 0.5 mm, 0.03% distortion translates to 0.15 m lateral displacement of the chief ray from its paraxial height. This level of distortion is acceptable for the FCRM considering that ͑1͒ the fiber's center-to-center spacing is approximately 7 m and ͑2͒ the fiber bundle has an intrinsic distortion of the order of a few micrometers as the result of an irregular arrangement of fibers in the bundle. Figure 4͑c͒ shows the modulational transfer function of the miniature-microscope-objective design superimposed upon that of an equivalent diffraction-limited system. The plot confirms the final design's diffraction-limited performance.
Curvature of field is not corrected in this design. The radius of curvature of the object surface was allowed to vary during the design process. Because the intended application involves imaging a surface within a three-dimensional volume of tissue, it is not necessary to image a flat surface within that volume. It is perfectly acceptable that the imaged surface be curved. The final object-surface radius of curvature was selected to be 1.994 mm inward.
The miniature microscope objective is designed for a single wavelength of ϭ 1.064 nm. Therefore, the choice of glass is less critical than it is for a broadband imaging system. In general, in the case of positive lens elements a higher index of refraction will result in better aberration correction. For negative lens elements it is often efficient to use low-refractiveindex glass to help balance inward field curvature. 12 However, because a flat field is not necessary for this miniature-microscope-objective design, negative lenses in the design can also use high refractive-index glass. Schott SF10 glass is used for all six middle lenses ͓see Fig. 3͑a͔͒ . 13 LAK10 glass is used for the Lens #8 ͓see Figure 3͑a͔͒ because of its mechanical properties: The hardness of LAK10 glass is 720 HK, and the hardness of SF10 glass is 430 HK. BK7 glass is used for Lens #1 ͓see Fig. 3͑a͔͒ to match the index of the index-matching oil. All the glasses used for this design is Schott preferred glass.
The design was optimized in multiple configurations. Multiconfiguration optimization takes account of the possible index-of-refraction variation in object space when different depths are imaged. For an object plane that is deeper beneath the tissue surface, a larger proportion of the object space becomes tissue and the average index of refraction of object space increases. A change in the object spaces index of refraction will introduce defocus as well as other aberrations such as spherical aberration, coma, and astigmatism. However, as this miniature mi- croscope objective is used in a confocal system, the pinhole will reject the out-of-focus light and automatically image the surface of best focus. The pinhole's effect will not correct all the additional aberrations introduced by object space index-of-refraction variation, but it will eliminate defocus and additional field curvature. In effect, the design uses object position and object surface curvature to compensate for the index variation in object space. The design shown in Fig. 3͑a͒ performs near the diffraction limit even at the extremes of the range of the index of refraction ͑n min ϭ 1.33-n max ϭ 1.37͒. The predicted object position for n min ϭ 1.33 is 444 m in front of the first lens, and for n max ϭ 1.37 it is 457 m in front of the first lens. The nominal object position is 450 m. The predicted radius of curvature of the object surface for n min ϭ 1.33 is 2.096 mm. The predicted radius of curvature for n max ϭ 1.37 is 2.023 mm. The nominal object surface radius of curvature is 1.994 mm.
C. Tolerance Analysis
An optical design is not complete until a tolerance analysis has been performed. The analysis will define a set of tolerance values that will ensure a minimum desired level of performance from the optical system after fabrication and assembly. Tolerance analysis must take into account the capability of the optics-fabrication shop that is going to construct the optical system, the cost and delivery time, as well as the performance requirements of the optical system. 12 Tolerances are generally inversely proportional to the NA of the system: Large-NA optical systems normally have tighter tolerances than do low-NA optical systems.
For the miniature microscope objective presented in this paper a thorough tolerance analysis was performed. The primary requirement that needed to be met is near-diffraction-limited performance. Inasmuch as the geometric spot size is smaller than the Airy disk ͓Fig. 4͑a͔͒ the system can be degraded until the geometric spot is comparable to the size of the Airy disk. An inverse tolerance analysis was performed. We used the results to estimate the tolerance values for every system parameter. Using the estimated tolerance values, we constructed an error budget. We then used the estimated tolerance values to perform Monte Carlo simulations on the objective's design. Depending on the results of Monte Carlo simulations, the estimated tolerance values were either tightened or loosened. The process was repeated with the new set of tolerance values. The process continued until an acceptable set of tolerance values was achieved. For the miniature-microscope-objective design in Fig.  3͑a͒ the five tightest parameters are listed in Table 1 . These tolerance values are considered to lie between the precision and high-precision quality levels. 14 Fabrication and assembly of the miniature microscope objective were accomplished by Optics Technology, Inc. 15 ; the tolerance values listed in Table 1 are within its reported capabilities. The Monte Carlo simulations indicate that the predicted performance of the miniature microscope objective, after fabrication and assembly perturbation are considered, is still nearly diffraction limited. The average Strehl ratio is approximately 0.82.
Most of the parameters listed in Table 1 are associated with Lens #8 ͓Fig. 3͑a͔͒. The tight tolerances on Lens #8 are expected because that lens is the first on the large-NA side of the miniature microscope objective. Lens #8 has more optical power than any other lens in the optical system. As a result, light is refracted more at Lens #8 than anywhere else in the system. The large ray angles on the rear surface of Lens #8 lead to a more perturbation-sensitive design and, therefore, require tighter tolerance values. 16 
Performance
A. Miniature Microscope Objective
The resolution of a diffraction-limited optical system depends on the wavelength and on the NA. The minimum resolvable separation between two equalintensity point sources is
For the miniature microscope objective of NA ϭ 1.0 and ϭ 1.064 nm the minimum resolvable distance for the miniature microscope objective is approxmately 650 nm. The miniature microscope objective was first tested by itself. It was tested in a reverse configuration because of the lenses barrel design. The object surface is recessed inside the lens barrel to create a salinesolution-filled volume in front of the objective. Saline may be added to or removed from this reservoir to control hydraulic pressure and move tissue through the object surface of the miniature microscope objective. The image plane, however, is accessible.
A standard U.S. Air Force resolution target was placed at the image plane of the miniature microscope objective ͓see Fig. 3͑a͒ for the location of the image plane͔. An image of the resolution target was formed at the miniature objective's object plane at a transverse magnification of Ϫ0.33. This image was then relayed onto a CCD camera by means of a standard microscope objective that serves as a viewing objective. The setup is illustrated in Fig. 5 .
To measure the full resolution capability of the miniature microscope objective requires a large-NA ͑ideal-ly 1.0 or larger͒ water-immersion viewing objective with sufficient wavelength division is needed, so the miniature microscope objective under test limits the resolution of the testing setup. The most suitable ob- jective available to us was an NA ϭ 0.75 dry objective. The resolution limit of an NA ϭ 0.75 objective at ϭ 1.064 nm is approximately 0.86 m. Such an objective will not be able to test the full resolution capability of the miniature objective, but it will test the resolution to well below the sampling distance of the FCRM system. Figure 6 shows some of the images obtained with the setup of Fig. 5 . From these images it can be determined that the miniature objective can resolve features separated by 0.93 m. Consequently, the miniature microscope objective exhibits resolution sufficient for the FCRM system.
B. Fiber Confocal Reflectance Microscope with a Miniature Microscope Objective
The miniature microscope objective is integrated into the FCRM system as shown in Fig. 1 , and it is tested by imaging microspheres and biological samples. Background subtraction was performed on all the images presented in this paper. One produces a background image by taking an image with a uniformindex-of-refraction object in object space, for example, a large pool of water. Background subtraction reduces the contrast degradation that is caused by specular reflections. Figure 7 shows an image of microspheres suspended in water. Imaging microspheres that have been suspended in water demonstrates the optical sectioning capability of the miniature-objective-equipped FCRM. In Fig. 7 several microspheres are residing within the FOV and at the correct depth. Those microspheres are marked by arrows. Light reflected from microspheres from the correct depth is represented by a cluster of bright spots ͑Fig. 7͒. Light reflected from microspheres residing at depths above or below the correct depth does not efficiently propagate through the fiber bundle and is mostly blocked by the exit pinhole. Each bright spot in Fig. 7 corresponds to a single fiber. has a fiber center-to-center distance of 7.1 m. Consequently there will be two to three fibers across the diameter of each microsphere. Dimmer spots dispersed over the image are noise from specular reflection from the proximal face of the fiber bundle. They are visible despite the application of background subtraction. The fact that specular reflection is brighter over certain areas ͑upper-right corner of Fig. 7͒ but dimmer over other areas suggests that the indexmatching oil cannot match the index of refraction uniformly across the entire fiber bundle. The fiber bundle exhibits some intrinsic index variation. The miniature-objective-equipped FCRM system was used in in vivo imaging experiments. The lip of one of the authors ͑K. B. Sung͒ was imaged. Before imaging, a 6% acetic-acid solution was applied to the area to be imaged to enhance contrast. 3 The indexof-refraction difference between nuclei and cytoplasm was approximately 0.05 Յ ⌬n Յ 0.1. The acquired images are shown in Fig. 8 . The two images were taken at different depths. The exact depths are unknown, but they were approximately 30 m below the top surface of the tissue. In both images several cell nuclei are visible and are identified by arrows. A cluster of bright spots represents nuclei, and dark regions represent the cytoplasm. The granular effect in both Figs. 7 and 8 are due to the empty magnification. Each image pixel is displayed by several pixels on the video display.
Conclusion
A fundamental component of the endoscopic version of a fiber confocal reflectance microscope is the miniature microscope objective. We have designed, built, and tested a water-immersion NA ϭ 1.0 miniature microscope objective that measures only 4 mm in optical clear aperture and 7 mm in outer diameter. Micrometer-level resolution has been measured with the miniature microscope objective by itself, although its maximum resolution is predicted to be 0.65 m. The measured resolution is sufficient for the FCRM system. We tested the miniaturemicroscope-objective-equipped FCRM by imaging microspheres suspended in water: The microspheres were clearly resolvable. Finally, the FCRM with the miniature microscope objective was successfully used to image biological tissue in vivo, demonstrating the system's sensitivity to index-of-refraction changes of the order of 0.05 Յ ⌬n Յ 0.1. Both images demonstrate the system's optical-sectioning capability. The main challenge with the current system is the degradation in signal-to-noise ratio that is due to specular reflection from the proximal face of the fiber bundle. Specular reflection can be better suppressed if better index matching can be achieved through use of a fiber bundle that has better uniformity or if the proximal face of the fiber bundle is polished with a slight tilt.
